Although we know that most of the cellular sucrose is present in the cytosol and 56 vacuole, our knowledge on the impact of this sucrose compartmentation on plant 57 properties is still fragmentary. Here we attempted to alter the intracellular sucrose 58 compartmentation of Arabidopsis mesophyll cells by either, overexpression of the 59 vacuolar sucrose loader BvTST2.1 or by generation of mutants with decreased 60 vacuolar invertase activity (amiR vi1-2). Surprisingly, BvTST2.1 overexpression led to 61 increased monosaccharide levels in leaves, while sucrose remained constant. Latter 62 observation allows the conclusion, that vacuolar invertase activity in mesophyll 63 vacuoles exceeds sucrose uptake in Arabidopsis, which gained independent support 64 by analyses on tobacco leaves transiently overexpressing BvTST2.1 and the 65 invertase inhibitor NbVIF. However, we observed strongly increased sucrose levels in 66 leaf extracts from independent amiR vi1-2 lines and non-aqueous fractionations 67 confirmed that sucrose accumulation in corresponding vacuoles. amiR vi1-2 lines 68 exhibited impaired early development and decreased weight of seeds. When 69 germinated in the dark, mutant seedlings showed problems to convert sucrose into 70 monosaccharides. Cold temperatures induced marked downregulation of the 71 expression of both VI genes, while frost tolerance of amiR vi1-2 mutants was similar 72 to WT indicating that increased vacuolar sucrose levels fully compensate for low 73 monosaccharide concentrations. 74 75 76 4 Keywords 77 Arabidopsis thaliana, Beta vulgaris, darkness, plant development, sucrose 78 compartmentation, sugar, vacuolar invertase 79 80 Abbreviations 81 amiRNA artificial microRNA 82 At Arabidopsis thaliana 83 Bv Beta vulgaris 84 Nb Nicotiana benthamiana 85 TST tonoplast sugar transporter 86 VI vacuolar invertase 87 WT wild-type 88 89 Sugars are major solutes in plants and fulfil a plethora of functions in energy 90 metabolism, synthesis of primary and secondary metabolites, lipid and protein modifi-91 cation, starch and cell wall biosynthesis, biotic and abiotic stress tolerance and 92 intracellular signaling processes (Eveland and Jackson, 2011). In most species 93 glucose and fructose, as typical monosaccharides, and the disaccharide sucrose 94 represent major sugar types, although many other sugar varieties are also present in 95
. For generation of VI1-2 double knock down mutants, we followed 169 an established protocol for gene silencing by artificial microRNA (amiRNA) (Schwab 170 et al., 2006) . With the web based amiRNA designer tool program 171 (http://wmd3.weigelworld.org) an amiRNA, which targets VI1 (At1g62660) and VI2 172 (At1g12240) simultaneously, was designed. The sequence 173 TAAGGATGAATAAAAGCACGG was used for generation of primers including the 174 Gateway™ compatible sequences attP1 and attP2 to engineer the amiRNA fragment.
175
The primer sequences are listed in Table S1 . Subsequently, the fragment was sub- For generation of stably transformed Arabidopsis mutant plants, Agrobacterium-179 mediated transformation using floral dip was performed (Clough and Bent, 1998) .
180
VI1-2 double knock-down mutants were selected by screening for the lowest 181 remaining VI1 and VI2 transcript levels via qRT-PCR leading to the two independent 182 lines no. 4 and 5. Table S2 . NbAct, AtPP2A and 190 AtSAND were used as reference genes for transcript normalization. Alternatively, 191 gene expression was analyzed by RNA gel-blot hybridization.
193
Acidic invertase activity assay 194 The enzyme assay was performed as described by (Tamoi et al., 2010) Metabolite quantification 208 For sugar extraction, we added 400 µl of 80% of ethanol to 100 mg of frozen, fine 209 grounded plant material, mixed and incubated for 30 min at 80°C, in a thermomixer at 210 500 rpm. After centrifugation at 16000 g (10 min at 4°C) the supernatant was used 211 for sugar quantification using a NADP-coupled enzymatic test (Stitt et al., 1989) .
213
Non-aqueous fractionation 214 Subcellular sugar distribution of sugars in leaves was determined by non-aqueous 215 fractionation of 4-week old plants. To this end, 15 mg of freeze-dried and fine 216 grounded plant material was used and processed as described previously (Fürtauer 217 et al., 2016) . Acid phosphatase served as vacuolar marker, UGPase activity served 218 as a cytosolic marker and alkaline pyrophosphatase served as chloroplast marker.
219
For sugar quantification, a NADP-coupled enzymatic test was performed (Stitt et al., 220 1989) and subcellular metabolite distribution was calculated using an established 221 algorithm (Fürtauer et al., 2016) .
223
Seed analyses 224 Lipid quantification was performed according to a routine protocol (Reiser et al., 225 2004) with slight modifications. 0.1 g of mature, air-dried seeds were homogenized in 226 a mortar and liquid nitrogen. Subsequently, 1.5 mL of isopropanol was added and the 227 sample was further homogenized. The suspension was transferred into a 1.5 mL-228 reaction tube and incubated for 12 h at 4°C and 100 rpm. Subsequently, samples 229 were centrifuged at 13000 g for 10 min and the supernatant was transferred into a 230 pre-weighed 1.5-mL reaction tube. Tubes were incubated at 60°C for 12 h to 231 completely evaporate the isopropanol. Total lipid content was quantified 232 gravimetrically. For determination of seed weight, 1000 mature and air-dried seeds 233 were counted and their weight was quantified gravimetrically. Electrical conductivity 236 The frost tolerance, as measured by frost induced release of ions from leaf sample, 237 of wild-type and mutant, was quantified by electrical conductivity assays, described 238 earlier (Klemens et al., 2014) .
239

Results
240
Overexpression of either, the vacuolar sucrose loader TST2.1 or the vacuolar 241 sucrose exporter SUC4 provoke opposite effects on cellular sugar levels 242 The plant vacuole is the largest cell organelle and as such uniquely suited to store 243 various types of sugars (Martinoia et al., 2012) . Given that Beta vulgaris TST2.1 is a 244 sucrose specific vacuolar sugar loader (Jung et al., 2015) we tried to stimulate leaf 245 sucrose storage capacity by overexpression of this carrier. To this end, we set the 246 coding sequence of the BvTST2.1 gene under control of the UBIQUITIN10-promotor 247 (UBQ-10) and transformed a previously described Arabidopsis thaliana tst1-2 double 248 mutant, lacking almost all vacuolar sugar import (Wingenter et al., 2010) . The 249 resulting triple mutants were named tst1-2::BvTST2.1.
250
As expected, neither in wild-type (WT) nor in the tst1-2 line, used as the genetic basis 251 for transformation, a PCR product coding for BvTST2.1 was detectable ( Fig. S1 ). In 252 contrast, in transformed tst1-2 plants, high BvTST2.1 mRNA levels were present.
253
From about 25 independent overexpressing lines two were chosen (tst1-2::BvTST2.1 254 #18 and tst1-2::BvTST2.1 #23) for further analyses because they exhibited high 255 relative levels of BvTST2.1 transcripts ( Fig. S1 ).
256
To analyze whether this synthetic approach sufficed to create a novel sucrose storing 257 organ we grew all plants for 28 days under controlled, ambient cultivation conditions 258 and extracted leaf metabolites at the end of the light phase, prior to quantification of 259 sugars ( Fig. 1A) . In WT plants the levels of glucose, fructose and sucrose were 260 2.2 µmol g -1 FW, 0.8 µmol g -1 FW and 1.3 µmol g -1 FW, respectively ( Fig. 1A) . In 261 contrast, tst1-2 mutants were unable to build up such monosaccharide 262 concentrations in leaves as glucose was present at only 0.9 µmol g -1 FW and 263 fructose was present at about 0.4 µmol g -1 FW. In the tst1-2 mutant sucrose 264 accumulated to 1.5 µmol g -1 FW, which is about the similar level found in 265 corresponding WT plants ( Fig. 1A) . Interestingly, overexpression of BvTST2.1, in the 266 background of tst1-2, led to higher glucose (3.1 and 2.6 µmol g -1 FW in line 18 and 267 23) and fructose (1.2 and 0.9 µmol g -1 FW in line #18 and #23) levels, and thus 268 resembled corresponding contents present in WT plants. In contrast, sucrose levels 269 in BvTST2.1 overexpressing lines #18 and #23 amounted to 1.1 and 1.3 µmol 270 g -1 FW, respectively, which were slightly (but not yet significantly) decreased 271 compared to values in the tst1-2 background ( Fig. 1A) .
272
To raise further evidence that altered sucrose transport across the vacuolar 273 membrane influences the cellular sucrose to monosaccharide ratio we searched for 274 an opposite attempt aiming to decrease the luminal sucrose availability. For this, we 275 identified the sugar beet homolog of the vacuolar sucrose transporter AtSUC4.
276
AtSUC4 is a proton driven sucrose exporter (Schneider et al., 2012) identified as overexpressors, exhibiting high levels with corresponding ectopic 282 mRNAs ( Fig. S2A,B ).
283
After growth for four weeks at standard conditions WT plants contained about 284 3.2 µmol glucose g -1 FW, 1.3 µmol fructose g -1 FW and 1.5 µmol sucrose g -1 FW ( For this purpose, we transiently transformed tobacco mesophyll cells with 303 Agrobacterium strains carrying plasmids harbouring the viral silencing suppressor 304 gene P19 from tomato bushy stunt virus (Voinnet et al., 2003) BvTST2.1 (P19/BvTST2.1/NbVIF) ( Fig. 2A ). Prior to metabolite analyses, we 308 confirmed that transient transformation leads always to the presence of the expected 309 corresponding mRNA(s) (Fig. 2B ). (amiR vi1-2) (Fig. 3 ). From 10 independent mutant lines we chose lines #4 and #5 for 335 further analysis, because with 6 to about 24% residual VI1 and VI2 mRNA levels, 336 respectively, these two lines showed strongest decrease of the corresponding 337 transcripts (Fig. 3A) . Consequently, measurement of acidic invertase activities in 338 amiR vi1-2 #4 and #5 revealed only 22 and 35% residual enzyme activity, 339 respectively ( Fig. 3B ).
340
When grown under standard temperature (22°C), WT plants contained, after 4 weeks 341 of cultivation, glucose at a level of 1.5 µmol g -1 FW, fructose at a level of 0.6 µmol g -1
342
FW and sucrose at a level of 1.1 µmol g -1 FW (Fig. 3C) . Interestingly, the amiR vi1-2 343 lines exhibited less monosaccharides and increased sucrose levels when compared (Heber, 1957; Gerhardt et al., 1987) . while seedlings from amiR vi1-2 #4 exhibited only 13 mm and seedlings from amiR 378 vi1-2 #5 exhibited only 12 mm (Fig. 5B) . Interestingly, WT seedlings contained about 379 7.9 µmol glucose g -1 FW, about 2.4 µmol fructose g -1 FW and 0.7 µmol sucrose g -380 1 FW. In contrast, amiR vi1-2 #4 contained 1.5 µmol glucose g -1 FW, 0.1 381 µmol fructose g -1 FW, and 2.7 µmol sucrose g -1 FW. AmiR vi1-2 #5 contained (similar 382 to #4) 1.0 µmol glucose g -1 FW, 0.06 µmol fructose g -1 FW and 1.8 µmol sucrose g -1 383 FW (Fig. 5C ). In sum, WT seedlings contained about 11.6 µmol hexoses g -1 FW, 384 while both amiR vi1-2 lines contained only 7 and 5 µmol hexoses g -1 FW, respectively 385 ( Fig. 5D ).
387
Reduced vacuolar invertase activity impacts on seed properties 388 It is unknown whether decreased vacuolar invertase affects seed properties. To raise 389 evidence for an interaction between VI activity and seed properties, we grew WT and To exclude that putative changes in seed properties result from differences in the 396 vegetative parts of the plants we first determined the biomasses of all three plant 397 lines prior to transfer to long days. It turned out, that all plant lines analysed, WT and 398 the two amiR vi1-2 lines, exhibited nearly identical rosette biomasses of about 730 399 mg/plant (Fig. 6A,B) . The 1000-seed weight from WT plants was 25 mg, and those 400 from the amiR vi1-2 #4 and #5 was 23 mg and 20mg, respectively (Fig. 6C ).
401
Accordingly, the relative lipid levels of seeds from both amiR vi1-2 lines were slightly, 402 but still significantly, lower than that of seeds from WT plants. amiR vi1-2 #4 seeds 403 contained 89% and amiR vi1-2 #5 seeds 93% of WT lipids (Fig. 6D ).
404
To check whether altered VI activity in both amiR vi1-2 lines influences the overall 405 sugar composition in siliques in which seeds were developing, we harvested fully 406 elongated, but still green siliques and extracted soluble carbohydrates. WT siliques 407 contained about 17 µmol glucose g -1 FW, 5 µmol fructose g -1 FW, and 9 µmol 408 sucrose g -1 FW, while siliques harvested from amiR vi1-2 #4 contained only 4 µmol 409 glucose g -1 FW, 3 µmol fructose g -1 FW but 13 µmol sucrose g -1 FW and siliques 410 harvested from amiR vi1-2 #5 contained only 7 µmol glucose g -1 FW, 2 µmol fructose 411 g -1 FW but 16 µmol sucrose g -1 FW (Fig. 6E) . at the beginning of the dark treatment (Fig. S3B ).
427
To visualize and quantify the ability of WT and the amiR vi1-2 lines to survive 428 extended darkness we incubated plants from these lines for five days under 429 continuous darkness and subsequently transferred them back into the standard short 430 day light/dark regime for recovering. After one additional week, it became obvious, 431 that both amiR vi1-2 lines showed higher tolerance against this extended darkness in 432 comparison to WT plants (Fig. 7A ). About 57% of the WT plants were able to recover 433 from the extended darkness treatment, while 82% of amiR vi1-2 #4 plants and 75% 434 of the amiR vi1-2 #5 plants were able to survive such phase of darkness (Fig. 7B ).
435
To raise knowledge on specific metabolic alterations in these plant lines we extracted sucrose ranged only between 0.06 and 0.08 µmol g -1 FW (Fig. 7C) . In contrast, both 439 amiR vi1-2 lines showed higher levels of sucrose in comparison to WT plants. Leaves 440 from amiR vi1-2 #4 plants contained 1.37 µmol sucrose g -1 FW, and amiR vi1-2 #5 441 leaves contained two times higher sucrose levels than present in corresponding WT 442 plants, namely 0.17 µmol sucrose g -1 FW (Fig. 7C) . Interestingly, even after 72 h of 443 darkness both amiR vi1-2 lines contained still higher sugar levels than present in WT To compare the cold induced sugar response in WT and the two amiR vi1-2 lines, we 459 cultivated 4-week old plants (grown at 22°C) for three days at 4°C. After that 460 acclimation phase, WT plants contained glucose at a level of 23 µmol g -1 FW, 461 fructose at a level of 10 µmol g -1 FW and sucrose at a level of 6 µmol g -1 FW (Fig.   462 8B). As observed under warm growth conditions, the two amiR vi1-2 lines exhibited 463 less accumulation of monosaccharides but increased accumulation of sucrose, when 464 compared to corresponding WT plants. In the cold, mutant line #4 contained glucose 465 at a level of only 1 µmol g -1 FW, fructose at a level of only 0.5 µmol g -1 FW but 466 sucrose at a level of 27 µmol g -1 FW, which was about 5-fold higher than in WT 467 plants (Fig. 8B) . Under cold, mutant line #5 contained glucose at a level of only 468 10 µmol g -1 FW, fructose at a level of only 3 µmol g -1 FW and sucrose at a level of 18 469 µmol g -1 FW (Fig. 8B ).
470
Accumulation of sugars is a prerequisite to tolerate sub-zero temperatures (Alberdi 471 and Corcuera, 1991). Since both amiR vi1-2 lines exhibited a markedly altered sugar 472 composition, when compared to WT plants, we conducted electrolyte leakage assays 473 (Patzke et al., 2019; Klemens et al., 2014; Klemens et al., 2013) to compare frost 474 tolerance properties of WT and amiR vi1-2 mutants. To this end, we transferred WT 475 and mutant plants after four weeks of growth at 22°C for four days into the cold (4°C), 476 to induce molecular and physiological acclimation to low temperatures. After this 477 phase, leaves were taken, frozen at -6°C in water and, after re-thawing, ion release 478 from disrupted cells was quantified via electro-conductivity of the supernatant. In 479 comparison, we quantified ion release from leaves of non-acclimated plants, kept at 480 22°C.
481
Freezing of non-acclimated WT and two amiR vi1-2 lines led to an ion loss of about 482 82-86% from leaves of all lines (Fig. 8C ). Acclimation to low temperature correlated 483 with a markedly improved freezing tolerance as indicated by an ion release of only 484 about 19%, which was however independent of the tested genotype (Fig. 8C) . Since sucrose fulfills various roles in plant development and stress response (Rolland 488 et al., 2006; Hanson and Smeekens, 2009; Teng et al., 2005) it appears likely that its 489 intracellular homeostasis must be tightly regulated (Pommerrenig et al., 2018) . This 490 assumption gained direct support by the recent discovery of a chloroplast located 491 sucrose exporter pSuT, which is involved in fine control of the onset of flowering and 492 frost tolerance of Arabidopsis (Patzke et al., 2019) .
493
However, mesophyll vacuoles play a prime function in the control of intracellular 494 sucrose homeostasis, because these organelles occupy most of the volume in plant 495 cells and represent the major storage compartment for sucrose and other sugars 496 (Martinoia et al., 2007) . Interestingly, although the presence of sucrose in 497 chloroplasts, the cytosol and the vacuole has been demonstrated since decades 498 (Heber, 1957; Gerhardt et al., 1987) , no detailed analysis on the impact of sucrose 499 import into vacuoles and subsequent sucrose hydrolysis in mesophyll vacuoles has 500 been carried out so far. Thus, to influence the intracellular sucrose compartmentation 501 in mesophyll cells we followed two routes. Firstly, we overexpressed the tonoplast 502 located sucrose importer TST2.1 from sugar beet (Jung et al., 2015) . Secondly, we 503 generated Arabidopsis mutants with decreased vacuolar invertase activity. The 504 detailed description of both types of mutants provided novel insights into the impact 505 of sucrose import and sucrose hydrolysis in plant vacuoles for developmental 506 processes of Arabidopsis.
507
Vacuolar sucrose accumulation is not controlled by the rate of sucrose import 508 Previously it has been shown that BvTST2.1 is a highly active, proton driven vacuolar 509 sugar importer, able to pump sucrose against a steep concentration gradient into the 510 vacuole from sugar beet tap-root cells (Jung et al., 2015) . To our surprise, 511 overexpression of BvTST2.1 in an Arabidopsis mutant lacking the endogenous 512 vacuolar TST type sugar loaders TST1 and TST2 led to an increase of the 513 monosaccharides glucose and fructose, while sucrose was not affected (Fig. 1A) .
514
According to this observation we speculated that luminal hydrolysis of vacuolar 515 located sucrose by invertase might be responsible for the inability of BvTST2.1 516 overexpressor mutants to accumulate sucrose above the levels observed in WT 517 plants and the tst1-2 line.
20
To verify this assumption we exploited two alternative systems. Firstly, 519 overexpression of the vacuolar sugar transporter BvSUC4, representing the closest 520 sugar beet homolog to the vacuolar sucrose exporter SUC4 from Arabidopsis 521 (Schneider et al., 2012) , provoked opposite effects on the total sugar levels as seen 522 for BvTST2.1 overexpressors, namely lower monosaccharide levels than seen in the 523 WT background genotype (Fig. 1B) . Secondly, a transient ectopic expression of 524 BvTST2.1 in Nicotiana benthamiana leaves provoked strongly increased levels of 525 total monosaccharides (Fig. 2B,C) . However, this increase in monosaccharide levels 526 was completely absent in leaf tissue expressing both, the invertase inhibitor protein 527 NbVIF and BvTST2.1 (Fig. 2C ). Thus, all three different experimental approaches 528 provided evidence that in leaf mesophyll cells vacuolar invertases contribute 529 substantially to the overall sucrose hydrolysis. Moreover, we can now conclude that 530 in Arabidopsis the activity of the vacuolar invertase, and not the rate of sucrose 531 import, limits the sucrose storing capacity of leaves (Figs 1A, 3C ). Latter conclusion 532 is in line with comparative observations on sucrose storing organs and source leaves.
533
This is, because in explicit sugar storing tissue like sugar beet tap roots the vacuolar 534 invertase activity is negatively correlated with sucrose levels (Leigh et al., 1979) .
535
Interestingly, Arabidopsis mutants exhibiting decreased total vacuolar invertase 536 activity (Fig. 3A,B) showed both, substantial decrease of glucose and fructose ( Fig.   537 3C), while sucrose levels in the vacuolar lumen were increased (Fig. 4C) . These 538 observations indicate that the endogenous vacuolar sugar importer TST from 539 Arabidopsis, which is present in amiR vi1-2 mutants, transports under in vivo 540 conditions not only monosaccharides but also sucrose. This conclusion receives 541 direct support by electrophysiological studies conducted on recombinant expressed 542 AtTST1 protein (Schulz et al., 2011) . Since a similar substrate spectrum has also 543 been reported for storage parenchyma cell-located sugar beet homolog BvTST1 544 (Jung et al. 2015) , we propose that TST proteins located in leaves are able to 545 transport both, monosaccharides and sucrose. Mutants, suppressing VI1-2 activity exhibited impaired shoot development in the dark 549 ( Fig. 5A,B) , which concurs with previous data documenting that sugars act per se as 550 positive effectors of early hypocotyl growth in the dark . It is 551 21 obvious, that etiolated seedlings from both amiR vi1-2 lines contained markedly lower 552 glucose levels when compared to corresponding WT seedlings, which is most likely 553 due to a blockage of sucrose hydrolysis in mutant vacuoles (Fig. 5C ). We propose for 554 several reasons that glucose accumulation in WT seedlings has to occur in the 555 cytosol to be functional as a positive trigger for etiolated growth. Firstly, sugar 556 stimulation of early plant growth depend upon the presence of functional 557 brassinosteroid signaling (Peng et al., 2018) , which is located in the cytosol (Planas-558 Riverola et al., 2019) . Secondly, the expression of the gene coding for the vacuolar 559 glucose exporter ERDL6 is increased under conditions of low sugar availability, to 560 promote sugar release into the cytosol . Thirdly, the cytosolic 561 sugar sensing HEXOKINASE1 is critical for glucose-induced etiolated growth of 562 Arabidopsis . Moreover, that monosaccharides released from 563 sucrose hydrolysis must be present in the cytosol is also indicated by analyses of 564 dark growth of Arabidopsis seedlings lacking the cytosolic invertase activity. Latter 565 mutants exhibit, similar to amiR vi1-2 plants (Fig. 5A,B prime metabolic rearrangements (Law et al., 2018) . Thus, the observation of an 578 increase of VI activity upon onset of an extended dark period concurs with these dark 579 induced metabolic modifications (Fig. S3A,B) indicates that sucrose hydrolysis in the 580 vacuolar lumen is critical for dark response and survival. In this respect it was 581 surprising to see that both amiR vi1-2 lines exhibited an unexpected tolerance 582 against an extended exposure to darkness (Fig. 7A,B) . Such optimized tolerance 583 correlates with increased sucrose levels in both amiR vi1-2 mutants when compared 584 to WT plants, especially after three days in complete darkness, leading to higher 585 22 monosaccharide availability when compared to WT plants (Fig. 7C,D) . Accordingly, 586 minimal levels of cellular sugars seem to prevent the completion of the dark induced 587 senescence program. This conclusion gains support by similar observations on 588 leaves from various plant species fed with sugars, and incubated in extended 589 darkness (Thimann et al., 1977; Chung et al., 1997) . Table S1 . Primer sequences for cloning.
657 Table S2 . Primer sequences for expression analyses. Students t-test (*** P≤0.001). P19 = P19 protein of tomato bushy stunt virus, a suppressor of gene silencing (Voinnet et al., 2003) ; NbVIF = inhibitor protein of N.
benthamiana vacuolar invertase. Asterisks indicate statistically significant differences between the wild-type and the amiR vi1-2 lines analyzed with Students t-test (*** P≤0.001). Asterisks indicate statistically significant differences between the wild-type and the amiR vi1-2 lines analyzed with Students t-test (*** P≤0.001). 
